Expression of antibodies or antibody fragments in plants is a useful tool for producing active antibody derivatives for diagnostic or pharmaceutical purposes as well as for immunomodulation. We investigated the effect of cellular expression site on the stability and yield of double-stranded RNA (dsRNA)-specific single-chain Fv-fragments (scFv) in transgenic tobacco. Two antibodies (J2 and P6) belonging to the V23(J558) heavy chain variable gene family but differing in the light chain variable domain were used. scFvs were targeted to the cytoplasm -with or without anchoring them in the plasma membrane -, into the endoplasmic reticulum (ER) and to the apoplast. Although high mRNA concentrations were detected in all cases, scFv proteins accumulated only when scFvs were made ER-resident by appropriate signal sequences. When the ER retention signal was removed to allow scFv-secretion to the apoplast, no scFv-proteins were detected. Despite the strong homology of the V H -sequences of J2 and P6 antibodies, only P6 provided a stable scFv scaffold for intracytoplasmic expression. J2-scFv could not be stabilised neither by adding a C-terminal stabilisation signal nor by anchoring the protein at the cytoplasmic side of the plasma membrane (PM). It was found that dsRNA-specific J2-scFvs are active in vivo and enhance Potato Virus Y induced symptoms in infected tobacco. This is the first report describing the expression and biological effect of RNA-specific antibodies in plants.
INTRODUCTION
Antibodies are complex glycoproteins, that recognize and bind target antigens with great specificity and play a major role in the specific immune response of vertebrates. In addition to their natural occurrence in vertebrates, a number of recombinant anti-bodies have also been successfully expressed in transgenic plants or plant cell cultures [15] . Antibody expression in plants can be applied widely for research and diagnostic purposes: Recombinant antibodies produced in plants (plantibodies) can be purified and applied ex planta for human diagnosis or therapy [9, 16, 25] , or be put to use in planta to immunomodulate enzymes [11] or signal molecules [23] , to develop herbicide-tolerance [8] , to interfere with cellular metabolism or pathogen infectivity [26] . A survey of recent publications indicates that immunomodulation and protection approaches are harder to perform and consequently rarer than the expression of plantibodies for bulk production purposes. The explanation lies in the difficulties associated with the expression of correctly folded active antibodies or antibody fragments in different cell compartments, especially in the cytoplasm [6] . To avoid at least one step in this complex process, namely the assembly of different antibody chains, in most cases single-chain antibody fragments (scFv) are used. ScFvs are antibody derivatives composed of the variable domains of the heavy and light immunoglobulin chains joined covalently by a flexible linker, and form a single polypeptide with one antigen-binding site.
In our laboratory, a set of mouse monoclonal antibodies recognizing doublestranded RNA (dsRNA) was raised several years ago [13, 21] . Immunoglobulins J2 and K1 are strictly dsRNA-specific, i.e. they do not cross-react with DNA or single/stranded RNAs (ssRNA) including viroid RNA [21] . The P6 monoclonal antibody, however, binds to structured ssRNA, e.g. to rRNA or viroid RNA as well as to completely base-paired dsRNA molecules [13] . The heavy chains of all three antibodies are very similar. Their V H -genes belong to the V23(J558) family, while the light chain sequences are unrelated [1, 12] .
The aims of the present research were: i) to construct single-chain antibody fragments (scFv) for intracellular expression; ii) to establish strategies for expression of correctly assembled antibodies or antibody fragments in different plant cell compartments; and iii) to use dsRNA-specific monoclonal antibodies to modulate the biological activity of dsRNAs in plants, in particular to influence virus replication by binding scFv to double-stranded RNA replication intermediates.
MATERIALS AND METHODS

scFv construction and detection
scFvs were constructed starting from cloned H-and L-chain sequences of the J2 and K1 monoclonal antibody (mAb) or from poly A+ mRNAs isolated from the P6 hybridoma cell line using the Amersham Biosciences kit [18, 19] . Standard molecular biology protocols were performed essentially according to Sambrook et al. [20] . scFv-expression in E. coli periplasm was detected by Western blotting using E-tag specific monoclonal antibodies.
Vectors, strains and constructs used for plant transformation
The pGEJAE1 vector was designed for transformation of dicotyledonous plants with scFv sequences selected from phage display libraries [5] . Its special feature is the presence of SfiI and NotI restriction sites in the cloning site between the CaMV P35S promoter and 3' octopine synthase terminator. These restriction sites are very rare in antibody sequences. The vector along with the pRK2013/HB101 helper E. coli strain for Agrobacterium transformation and the A. tumefaciens C58C1Rif R (pGV2260) [7] strain for tobacco transformation were kindly provided by Dr. Geert De Jaeger. Constructs were made in E. coli. All co-integrative vector constructs were transformed into A. tumefaciens (C58C1Rif R ) containing Ti plasmid pGV2260 [7] by triparental mating and were then used for leaf disk transformation of Nicotiana tabacum L. cv. Xanthi.
Plasmamembrane targeted scFv-or GFP-constructs were made by attaching the N-terminal myristoylation/palmitoylation signal MGCVQCKDKEA derived from fyn protein tyrosine kinase (PTK) or a modified src-PTK signal [17] . The latter (MGCSKSKPKDPSQRR) contained signals leading to myristoylation, palmitoylation as well as to polybasic interactions with the membrane. Transformation of in vitro cultivated N. tabacum BY-2 cells was performed as described previously [2] with minor modifications. Untransformed cells were maintained in basic BY-2 liquid medium at 150 rpm on a gyratory shaker and were subcultured every week using 4% inoculum. Three days after subculture, 4 ml of plant cells were transferred to 100 mm petri dishes and incubated at 28 °C with 10 ml of fresh overnight culture of A. tumefaciens containing co-integrative vector. After 48 h of co-cultivation, the bacterial cells were washed off and the plant cells were grown on basic BY-2 medium containing 0.2 mg/ml 2,4-D, 250 mg/ml augmentin, 250 mg/ml claforan and 200 mg/ml kanamycin. Localisation of GFP was investigated by fluorescent microscopy (Olympus BH 2, Japan).
Analysis of transgenic plants
Antibody expression in regenerated plants was first analysed by Western blotting using a c-myc specific monoclonal antibody, kindly provided by Udo Conrad, for scFv-detection. Synthesis of antibody mRNA was detected by Northern blotting or by RT-PCR [20] .
Analysis of activity and of antigen specificity in ELISA
To analyse antigen binding of bacterially expressed scFv periplasmic extracts were prepared from 50 ml cultures inoculated from single colonies. Extracts were dialysed overnight against PBS buffer (10 mM P i -buffer, pH 7.2, 150 mM NaCl). Plant expressed scFvs were applied as freshly made soluble protein extracts from young Expression of dsRNA-specific scFVs in tobacco fully developed tobacco leaves in 20 mM Tris-HCl pH 8.0, 150 mM NaCl and 1 mM PMSF without further purification. Extracts were cleared by centrifugation and diluted with 1% BSA in PBS.
Binding activity of scFv was analysed by anti-nucleic acid ELISA according to Schönborn et al. [21] with minor modifications. scFvs were immobilised through their immunological tag (E-tag or c-myc) with tag-specific monoclonal antibodies on ELISA plates. Biotin-labelled yeast L-dsRNA (4.3 kbp) or ribosomal RNA (rRNA) from E. coli in STE buffer (10 mM Tris-HCl pH 7.4, 150 mM NaCl and PMSF) was used as antigen. Antigen binding was detected by alkaline phosphatase conjugated streptavidin. Absorption was measured at 405 nm in MR 5000 Microplate Reader (Dynatech).
Infecting transgenic N. tabacum with Potato Virus Y
The Hungarian isolate of NTN strain of Potato Virus Y, provided by E. Balázs and L. Palkovics, was used to infect plants. Young 25 cm high plants of different genotypes, grown in the greenhouse under the same conditions were used for tests. Virus stock was diluted with 20 mM potassium phosphate buffer, pH 7.0. The third leaf from the top was powdered with cellite and then 200 µl of freshly diluted virus suspension was evenly spread with a flattened glass spoon. 5-10 plants of each genotype were infected; non-transgenic Xanthi was used as control. Symptom development was monitored for three weeks.
Virus concentration was monitored by coat protein-specific DAS-ELISA. Samples were taken at 7 days and 21 days, respectively, after virus inoculation. Protein extraction and ELISA using anti-PVY antibodies from BIORAD were carried out according to the manufacturers instructions.
RESULTS AND DISCUSSION
Construction of double-stranded RNA-specific scFvs
Single-chain antibody fragments were constructed from cloned genes of the mAbs K1 and J2 or from reverse transcribed mRNA of mAb P6 using the phage display technique [24] . scFv-cDNA was ligated into pCANTAB 5E phagemid vector and proteins were expressed in the periplasm of E. coli HB2151 strain [18] . In case of the J2-and K1-scFvs colonies showing high scFv expression levels and a minimum number of mutations were selected for further use. (Since we used degenerate primers for PCR amplification, some mutations were usually introduced in the primer region.) Selection of P6-expressing colonies was on the basis of scFv activity analysed in ELISA by using biotinylated rRNA as antigen [21] .
Although we observed quantitative differences in activity of periplasmic extracts, both J2 and K1 scFvs retained the original specificity of the monoclonal antibody, i.e. they bound exclusively to dsRNA (Fig. 1) . The original P6 antibody reacted with structured ssRNA as well as with dsRNA. The selected clones of bacterially expressed P6-scFvs exhibited high ssRNA-binding activity, however, their affinity to dsRNA was much lower than that of mAb P6 ( Targeting scFvs to the cytoplasm and to the plasma membrane of N. tabacum cv. Xanthi
Stability of heterologously expressed proteins depends on their intrinsic properties and the primary sequence. Since it is not possible to predict beforehand which scFvsequence will allow efficient folding and stability in the cytoplasm, we transformed plants with two antibody fragments: scFv J2 and P6. They were chosen because they differ in specificity as well as in their light chain variable domains. The constructs used to target scFvs to different subcellular compartments are shown in Fig. 2 . To achieve cytoplasmic localisation scFvs were expressed without N-terminal signal sequences. We also made constructs with an added C-terminal KDEL tetrapeptide which was shown to enhance scFv stability in the cytoplasm in some cases [22] . Anchoring proteins in the membrane may also help to stabilise and to concentrate proteins in certain membranes. This is why myristoylation and palmitoylation signals were used to anchor scFv J2 on the cytoplasmic side of the plasma membrane [17] .
To prove that the signal sequences used by us do indeed direct anchoring to the plas- ma membrane, GFP (green fluorescent protein) constructs containing the same signals were also used for transformation. Transgenic plants were obtained after transformation with all three types of constructs and the synthesis of mRNA was also detected (Table 1) . However, only P6-scFv -with or without KDEL added -could be stably expressed in the cytoplasm (Fig. 3, Table 1 ), while in case of J2 no scFv proteins could be detected (Table 1) . Even in the case of cytoplasmically expressed P6-scFvs it was obvious that the reducing cytoplasmic environment had a negative influence on RNA-binding activity. While the protein concentration was comparable to the ER-resident P6-scFv, the activity of scFvs remained low (see next chapter and Fig. 4 ). The result indicates that although P6-scFvs adopt a stable structure in the cytoplasm, this structure differs somehow from the native structure of the original P6 antibody. Targeting proteins to the plasma membrane in BY-2 cells was successful in case of the GFP-constructs and fluorescent signals were clearly observed at the PM. In addition, after cell fractionation GFP protein was found to be associated with the membrane fraction (results not shown). Although the signal sequences should have the same effect on scFv, no J2-scFvs were detected in transformants by Western blotting or on dot blots with or without cell fractionation. We presume that because of the inefficient folding of J2-scFv the protein became degraded and could not reach detection levels even in the membrane fraction. Taken together the results show that only the P6 antibody provides a scFv sequence, which can be stably folded in the cytoplasm. Attaching the stabilising KDEL sequence at the C-terminus or targeting the scFv sequence to the PM did not lead to accumulation of detectable amounts of J2-scFv.
Expression of dsRNA-specific scFVs in tobacco
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Targeting scFv to the endoplasmic reticulum (ER)
J2-as well as P6-scFvs were targeted to the endoplasmic reticulum (ER) with an Nterminal mouse leader peptide and made ER-resident by adding the ER-retention signal KDEL to the C-terminal end. In this case, very high levels of protein expression were observed for both scFvs (Fig. 3) and both antibodies were found to retain largely their original antigen specificity: J2-scFvs have shown the expected dsRNA-specificity, while P6-scFvs reacted with dsRNA as well as with ribosomal RNA (Fig. 4) .
The reaction pattern of plant expressed, ER-resident P6 differs from the antigen specificity of bacterially expressed P6-scFv (cf. Fig. 4 and Fig. 1 ). Since the antibody-derived sequences are identical in both cases, it may be concluded that the mutated amino acids in LCDR1 and -3 play no major role in determining the fine specificity. The altered fine specificity of the bacterially expressed P6-scFv may either be due to the influence of the attached E-tag sequence or to subtle differences of the folding environment between bacterial periplasma and plant ER. The results show that the mouse leader sequence efficiently directs scFv into the ER, where it gets properly folded. When however, to achieve secretion into the apoplast we removed the ER-retention signal from scFv, no J2-or P6-scFv proteins could be detected. This finding indicates that despite their correct folding before Fig. 4 . Comparison of antigen binding activity and specificity of J2-and P6-scFvs expressed in tobacco. scFvs from freshly made plant extracts were diluted 10-fold and immobilised via c-myc specific antibodies. 20 ng/well biotinylated dsRNA, rRNA or dsDNA was used as antigen and antigen binding was detected by using alkaline phosphatase conjugated streptavidin. ELISA readings measured 60 min after substrate incubation were corrected with the negative controls (non-transgenic Xanthi). ER-resident J2-and P6-scFv (LKJ2 and LKP6, respectively) both bound to the dsRNA antigen and LKP6 also to rRNA. Antigen binding of P6 expressed with (KP6) or without (P6) the KDEL-signal in the cytosol was significantly lower than that of the ER-resident scFv. Binding to dsDNA was at background levels in all cases secretion inside the ER, J2-and P6-scFvs are broken down in the apoplast. In earlier experiments by our group the J2 antibody was expressed at high concentration as intact IgG molecule in the apoplast [14, 19] . Thus, for targeting to the apoplast fulllength antibodies could be the molecule of choice.
Effect of dsRNA-specific antibodies on PVY infection in vivo
scFvs expressed in different compartments of tobacco cells accumulated and folded with different efficiency. To investigate whether they are biologically active at their location in the plant in vivo, we analysed their effect on virus infection. Doublestranded RNA, the antigen recognised by our J2 antibody, commonly occurs in plants infected by RNA viruses. During replication of positive-stranded RNA viruses dsRNAs arise by base pairing between the template and the newly synthesising RNA strand. With respect to virus multiplication viral dsRNAs play different roles: Their formation is essential for virus replication, but to initiate a new replication cycle dsRNAs have to dissociate. In earlier experiments we found that the J2 antibody is able to inhibit virus replication on partially double-stranded template in vitro [4] , probably by stabilising the dsRNA and thus counteracting viral helicase activity. On the other hand, viral dsRNAs are the targets of dsRNA-mediated gene silencing, which is initiated by fragmenting the viral dsRNA by host enzymes [3] . dsRNA-specific antibodies may influence this reaction as well, but in this case antibody binding to the dsRNA will probably protect the antigen against the activity of host dicer enzyme.
To find out whether J2-scFv expressed in transgenic tobacco has an effect on virus multiplication, the Hungarian isolate of NTN strain of Potato Virus Y was used to mechanically inoculate plants and to evaluate, whether there was a difference in the speed of symptom development between transgenic and non-transgenic control plants. PVY is a relatively slow virus, which induces well-defined symptoms and which is known to be subject of dsRNA-mediated gene silencing. We found no agronomically relevant protection against PVY infection in our transgenic genotypes, but observed that expression of dsRNA-specific antibodies may alter the virus level, virus distribution and symptoms. Virus concentration was measured by coat proteinspecific ELISA using extracts from the third leaf (7 d p.i.) or from the third to sixth leaves (21 d p.i.) above the infected leaf as antigen source. The third leaf was chosen because the first symptoms usually appeared on this leaf. 7 days after infection the PVY coat protein (CP) concentration was found to be lower in We found that plants accumulating ER-targeted J2-scFv or secreted J2-IgG than in non-transgenic Xanthi or in plants expressing P6-scFv in the cytoplasm (Table 2A) . By Tukey's pair wise comparison LKJ2 and HLM differed from Xanthi at p = 0.008 and 0.002, respectively.
21 days after infection CP-concentrations were equally high in leaves 5 and 6 of transgenic lines as in non-transgenic Xanthi, while in the third, and some cases also in the fourth leaf large differences between individual plants and between genotypes Expression of dsRNA-specific scFVs in tobacco were observed (Table 2B ). The highest coat protein concentration was detected in LKJ2 plants, while the average concentration in Xanthi and LKP6 plants was much lower. Since the variance within the two latter groups was high, the difference between genotypes is not significant at p < 0.05 level. We feel it is relevant to note, that the physiological state of leaves 3 and 4 was not identical (see below and in Fig.  5 and 6 ), and this might have influenced the ELISA results.
At this late stage of infection (21 days) plants expressing ER-resident J2-scFv were more susceptible to symptom development developed more pronounced symptoms than the non-transgenic control or the other scFv-expressing genotypes. In LKJ2-plants plants expressing ER-resident J2-scFv symptoms appeared earlier, andmoreover, leaves with viral symptoms towards the plant apex wilted, became necrotic and died faster and in larger number than those in other genotypes (Fig. 5) . To evaluate the necrotic symptomsdata statistically quantitatively in two series of exper- Samples were taken from leaves 3 to 7 above the infected leaf. Because of the inhomogeneity of variances the differences between genotypes can not be regarded as significant. iments we infected 5 or 7 plants of each genotype at 10-, 30-and 100-fold dilutions of the PVY stock and counted the hanging dry leaves 21 days p.i. As shown in Fig.  6 at all three virus dilutions used the number of necrotic leaves was highest in those plants, which expressed J2-scFv in the endoplasmic reticulum. The same effect was not observed in plants expressing ER-resident P6 (see LKP6 in Fig. 5 and 6 ). It should be emphasised that although P6 binds to dsRNA, it reacts with single-stranded RNA (ssRNA) as well, and ssRNA species present at high concentrations in the cell may out compete the viral dsRNAs for binding to the P6-scFv.
The results described above may indicate that although J2-scFv does not inhibit virus replication confer virus resistance, it may influence the time course and the symptoms of virus multiplication. Further experiments are needed to clarify the biological causes of this effect. At present we suspect that bound J2-scFv may protect viral dsRNA and, as a result, interfere interferes with dsRNA-mediated gene silencing by protecting viral dsRNA. The question arises how an ER-resident protein can influence a process taking place outside the ER in the cytosol. Potyviruses are known to replicate in association with large vesicular structures derived from the ER. For tobacco etch virus (TEV) it was shown that on infection with TEV the ER-network collapses into aggregated structures and this process probably begins with the binding of the 6 kDa virus protein to the ER-membrane [10] . We believe that when PVY is replicating in association with the ER, the chances are relatively high that the highly concentrated scFv comes in contact with the replication complex. It is also possible, that scFvs leak out the ER into the cytosol. Whichever explanation is correct, our results demonstrate that not only hapten-or protein-specific antibodies but also nucleic acid specific scFv may efficiently influence in vivo equilibria. Ongoing experiments indicate that they may also induce characteristic morphogenetic changes in non-infected plants.
